Climate, topography, vegetation and land use interact to influence fire regimes. Variable fire regimes may promote landscape heterogeneity, diversification in vegetation pattern and biotic diversity. The objective was to compare effects of alternative land use practices on landscape heterogeneity. Patch characteristics of fire scars were measured from 21 annual burn maps produced from 1972 to 2001 Landsat imagery. Trends in fire patterns under alternative land use practices were compared across a 250,000 ha savanna in southern Africa partitioned into three land use zones. Zone 1, Madikwe Game Reserve (MGR), has had mostly prescribed fires since 1993. Zone 2, cattle farms near MGR in South Africa (SAF), has experienced occasional fires. Zone 3, communal grazing lands in neighboring Botswana (BOT), has had the fewest fires. Cattle ranching was the predominant land use throughout the study area until 1992, when land use switched to conservation and eco-tourism in MGR. Sixteen landscape metrics were applied to this data set to uncover trends in the patch characteristics of the fire scars. A principal components analysis (PCA) reduced the dimensionality of the results so trends in the 10 most important size, shape, and proximity metrics could be better interpreted. The PCA results showed that more burning over time in MGR, and to a lesser extent in SAF, increased patch size, size variability, shape complexity and proximity, while fire exclusion in BOT produced no change or decreasing trends. We tested for significant differences in these metrics between the three land use zones and between two periods, 1972-1992 and 1993-2001. Most patch characteristics in MGR and SAF differed significantly from those in BOT, especially during the latter period, while between MGR and SAF they did not. Patch area, shape complexity and core area increased significantly between periods in MGR, while patch size, size variability and core area increased significantly between periods in SAF. In BOT, no patch characteristics changed significantly between periods. Within the time span analyzed for the study area, we conclude that increased fire occurrence promoted landscape heterogeneity while fire exclusion did not. Published by Elsevier B.V.
Introduction

Background
Fire has tremendous influence on vegetation pattern in savannas and is the major determinant of savanna vegetation structure and floristic composition (Scholes and Walker, 1993) . Researchers in southern Africa have amassed a large body of information on fire effects on savanna vegetation (e.g. Phillips, 1930; Acocks, 1953; Trapnell, 1959; Trollope and Tainton, 1986; Bond, 1997) . Savanna vegetation dynamics are inherently unstable (Norton-Griffiths, 1979; McNaughton, 1984; Trollope, 1984; Westoby et al., 1989 ) and respond to periodic yet spatially and temporally unpredictable climate, fire, grazing, and browsing events (Bond and van Wilgen, 1996) .
Fires are limited by fine fuel availability, which is in turn dependent on soil moisture and nutrient availability (Rutherford, 1980; Scholes and Walker, 1993) . Flammability varies among plant communities, and fuel breaks due to roads and topography affect fire spread (Whelan, 1995) and size (Rupp et al., 2000b) across the landscape mosaic. Weather, topography and fire history interact in complex ways to modify fuel characteristics (notably fuel biomass and dead-to-live ratio) across the landscape (Christensen, 1981; Whelan, 1995; Morgan et al., 2001) . Fires in southern African savannas typically occur late in the dry season (August-November), prior to the first seasonal Riba and Terradas, 1987; Whelan, 1995). rains (van Wilgen et al., 1990 (van Wilgen et al., , 2000 Brockett et al., 2001) .
The frequency at which a landscape burns depends on many factors, as well as their interactions. Shifts in fire frequency lead to changes in vegetation structure and composition, which in turn modify the intensity of subsequent fires (Kilgore, 1981) .
Fuels after recent fires often have insufficient dead fuel to sustain even low-medium intensity fires. Fires are also limited by ignitions, which depend on land use, lightning strikes, fuel condition and other factors. Fire size is nested hierarchically under other fire regime descriptors (e.g. frequency, intensity and seasonality) and physical factors (Fig. 1) . Fires often are irregular in size and shape and may promote heterogeneity in vertical and horizontal vegetation structure (Forman, 1995) .
Landsat imagery, now available for over 30 years, can help provide useful data for mapping fire scars (Richards, 1984; Hudak et al., 1998; Patterson and Yool, 1998) and fire history (Russell-Smith et al., 1997; Hudak and Brockett, 2004) . Landscape metrics may be applied to fire scar maps derived from Landsat imagery. Landscape metrics are fundamental ecological assessment tools and offer promise to land managers because they can measure the pattern of landscape elements across space and over time (Leitao and Ahern, 2002) . There are literally hundreds of metrics; therefore, it is advisable to choose suitable metrics based on previous studies and reviews (Riitters et al., 1995; McGarigal and McComb, 1995; Gustafson, 1998) . Landscape metrics have been used to show the effects of fire suppression on landscape structure (Baker, 1992) and to explore if reinstating a natural fire regime may restore landscape structure after decades of fire suppression (Baker, 1994) .
Landscape metrics were used to determine trends in fire patterns in a semi-arid savanna in southern Africa, using a database of annual burn maps produced from 1972 to 2001 Landsat imagery. The study area features different fire regimes with variability in space and time, due in large part to differing land use. The objective was to compare effects of alternative land use practices on landscape heterogeneity.
Justification
A fire history can serve as a useful database for land managers (Russell-Smith et al., 1997; van Wilgen et al., 2000; Hudak and Brockett, 2004) . Provided the interpretation of burned and unburned areas is sufficiently accurate, Landsat data are suitable for determining between-fire intervals (Gill et al., 2000) , patch characteristics (Turner et al., 1994; Haydon et al., 2000) , fire severity (White et al., 1996; Hudak et al., 1998) and other aspects of fire regime. There is increasing interest in using landscape-level research for managing wildlands and restoring natural disturbance regimes in fire-suppressed landscapes (Baker, 1994) . Studies have shown landscape metrics can be used effectively to assess fire pattern and landscape heterogeneity (Turner et al., 1994; Henry and Yool, 2002; Keane et al., 2002) .
Based on procedures from McGarigal and Marks (1995) for assessing patch characteristics, landscape metrics were applied to annual burn maps produced by Hudak and Brockett (2004) . Implicit throughout this study is that fire pattern is closely related to vegetation pattern; i.e., one should observe greater fire patch heterogeneity where greater vegetation heterogeneity exists. Since vegetation heterogeneity was not measured directly in this study, the more general term landscape heterogeneity (Turner et al., 1994) was used instead. This analysis tested two hypotheses:
1. Landscape heterogeneity is a function of fire occurrence in semi-arid, southern African savanna. 2. Fire occurrence is influenced primarily by land use practice (e.g. prescribed fires or fire exclusion) in semi-arid, southern African savanna.
Methods
Study area
The 250,000 ha area of interest in southern Africa straddles the Botswana (BOT)-South Africa border just southeast of Gaborone, Botswana's capital (Fig. 2) . The study area was partitioned into three land use zones. Zone 1 in South Africa is Madikwe Game Reserve (MGR), where many fires since 1992 have been prescribed. Zone 2 consists of South African farms (SAF) outside of MGR in portions of Lehurutshe, Marico, Madikwe and Thabazimbi Districts, where farmers occasionally prescribe fires. Zone 3 in BOT is primarily a communal grazing area in Kgatleng and South East Districts, where fires are discouraged.
Most of the study area has been or is currently used as livestock range (Table 1) . Grazing is most intensive in BOT, which reduces vegetation biomass and limits fuel for fires. There is limited dryland cropping in BOT and some irrigation cropping in SAF near the Marico River along MGRs eastern border. MGR was established in 1991 by the government of the former Apartheid-era tribal homeland of Bophuthatswana, after a specially-commissioned land survey (Setplan, 1991) concluded that a game reserve would be more profitable than the existing cattle farms, which had become severely bush encroached after decades of heavy grazing (Hudak, 1999b) . Managers in MGR began applying prescribed fires in 1992, and since 1993 fires have been applied or wildfires managed with the objectives of controlling bush encroachment and hence enhancing game visibility for tourists.
Climate is semi-arid, with 95% of annual rainfall occurring between October and April. Annual rainfall averaged 520 mm across 35 area stations from 1909 to 2002, with a standard deviation of 171 mm. Elevation ranges from 872 to 1474 m, yet the landscape is generally flat except for roughly parallel ridges of rocky terrain along MGR's southern boundary and through its center. Soils are heterogeneous across the study area, ranging from heavy clays (46% clay) to sandy loams (73% sand), and soil texture is a major determinant of vegetation structure and plant community composition (Hudak et al., 2003) . Important woody species include: Dichrostachys cinerea subsp. africana, Acacia tortilis, A. nilotica, A. erubescens, A. mellifera, A. robusta, A. caffra, A. karroo, Combretum apiculatum, C. imberbe, Grewia spp. and Sclerocarya birrea (Hudak, 1999a) .
Fire scar mapping
Fire scar extents were mapped annually from 1972 to 2001, however, there were several years when Landsat images were not available (1974, (1976) (1977) (1978) (1981) (1982) (1983) (1984) (1985) . Most of the images obtained were captured late in the dry season, or soon after the majority of fires generally occur, to maximize mapping accuracy. The spectral signatures of burned areas could be better distinguished after principal components analysis (PCA) (Richards, 1984; Singh and Harrison, 1985; Fung and LeDrew, 1987) than in the raw data. Burned areas were subsequently separated from unburned areas with a supervised classification (parallelepiped) of the principal components (PCs). Mapping accuracy was better than 90%, matching the mapping accuracy of the most similar prior fire history mapping study, conducted in Australia (Russell-Smith et al., 1997). Hudak and Brockett (2004) provide full details on the image processing and validation methods used.
Fire scar classifications of the 34 images were grouped by year into 21 annual burn maps (1972-1973, 1975, 1979-1980, 1986-2001) in Arc/Info GRID (ESRI, Redlands, CA). The original burn maps varied in extent from 50 km × 50 km to 60 km × 60 km according to the extent of the source imagery. This study of patch dynamics required that comparisons be over a common spatial extent, so the 50 km × 50 km central portion of each map was extracted. The maps had a grid cell resolution of 1 ha, which is considered appropriate for the development of pattern metrics over a large area (O'Neill et al., 1996) . Annual burn maps were then partitioned into two periods of interest, 1972-1992 or 1993-2001 , to test the hypotheses. Cumulative maps of fire scars for both periods also were produced, by summing the appropriate annual burn maps and then applying a median filter.
Rainfall analysis
Monthly rainfall data were obtained for 35 stations situated either inside the study area (N = 30) or <16 km outside the edge (N = 5). Monthly values were summed into seasonal totals for each station, with "seasonal" defined as the 12-month period beginning 1 July of the previous year. (Seasonal rainfall is more ecologically meaningful than annual (January-December) rainfall in this region because it encompasses the entire rainy season preceding the burning season.) Years with missing monthly values were omitted so as not to bias the sums. Finally, stations having data within the 1972-2001 period of interest were extracted, yielding 27 of the original 35, with 7-16 stations supplying seasonal rainfall data for any given year. The rainfall statistical analysis was performed in R. 
Landscape metrics
A set of 16 landscape metrics was employed to uncover temporal trends in the spatial characteristics of the fire scar patches mapped from 1972 to 2001. These metrics can be generalized into six classes according to patch characteristic (Table 2) . Each map was processed (FRAGSTATS; McGarigal and Marks, 1995) to compute the spatial configuration of the patches for each year. The MGR boundary and international border were the zonal boundaries considered for the purpose of calculating all the metrics. (Since 1994, MGR has undergone several small expansions along its eastern border. Because the added area (926 ha) is small relative to the extent of the study area (250,000 ha), we ignored this complication in the analysis and used the current MGR border to define Zone 1, as illustrated in Fig. 2 .) The true size Fig. 3. Annual burn maps (1972 ) from Hudak and Brockett (2004) . Each map extent is 50 km×50 km, and the spatial resolution is 1 ha.
of peripheral patches decreases due to the constraint imposed by an artificial boundary. Since there is nothing simple that can be done about this, conclusions drawn from the analyzed data must be appropriately tempered. Several core area indices were calculated based on a specified edge width, which for the purpose of this study was defined as a 100 m wide buffer along the perimeter of each fire scar patch. This was done to reduce the number of small, spurious fire scar patches that might represent misclassifications.
Statistical analyses
Whether through theoretical considerations or a more objective statistical analysis, landscape metrics need to be examined for independence, as they tend to covary (McGarigal and McComb, 1995; Riitters et al., 1995; Tinker et al., 1998) . While the aforementioned authors statistically determined a reduced set of metrics for use in North American landscapes, there is no guarantee that the same metrics extend to other ecosystems and regions of the world. Therefore, fol- Fig. 4 . Maps of fire scars documented for periods: (a) 1972-1992 and (b) 1993-2001. lowing methods outlined in Riitters et al. (1995) and Tinker et al. (1998) , the dimensionality of the patch metrics calculated for each land use zone was reduced using PCA with a varimax rotation to group metrics into uncorrelated components that explained most of the variation in the original data sets. A varimax rotation allows for a better fit of the PC axes with the scores, and thus better interpretability of the axes (Legendre and Legendre, 1998) . The number of factors to interpret was determined using the broken stick method (Legendre and Legendre, 1998) . This test usually recognizes the first two or three PCs as meaningful and corresponds to empirical studies confirmed by Jackson (1993) . Landscape metrics with factor loadings >0.7 were considered important. The resulting factors and their scores represented interpretable, independent measurements of variation within each data set that could be used to describe the spatial and temporal trends found within each land use zone for the length of recorded data.
One-and two-way analysis of variance (ANOVA) operations were also performed on the patch metrics to determine significant differences between land use zones and periods. The procedures were conducted in an objective effort to define a subset of significant metrics useful for management and monitoring. Significant variables (α = 0.05) are denoted in the results. Statistical calculations were performed in Systat (SPSS, Chicago, IL).
Results
Burn maps
Annual burn maps over the two time periods of interest reveal increased fire frequency in Period 2 relative to the longer Period 1 (Fig. 3) . The increase in MGR is not accompanied by a comparable increase in SAF, and fire exclusion continued in BOT during both periods (Fig. 4) . Examination of the burned area trends for all three land use zones, in conjunction with the mean seasonal rainfall trend across the study area, illustrates poor correspondence between these variables within the spatial and temporal limits of the analysis (Fig. 5) .
Rainfall analysis
Seasonal rainfall variation between years (coefficient of variation = 30.0%) was considerably greater than between stations (coefficient of variation = 13.4%). Visually, seasonal rainfall trends looked similar between stations, with large deviations from the general trend confined to individual stations and years. Student's t-tests comparing individual stations in separate land use zones and having at least 16 years of data between 1972 and 2001 yielded only insignificant differences (P > 0.1). Stations located within the same land use zone were then grouped; subsequent t-test comparisons between MGR (N = 8), SAF (N = 15) and BOT (N = 4) were all insignificant. Similar comparisons between land use zones within each period were only insignificant as well. Therefore, the data were pooled across all stations to produce a mean seasonal rainfall trend representative of the entire study area, to compare visually against the burn area trend (Fig. 5) . A final t-test across all 27 stations revealed no significant difference in seasonal rainfall between periods (P = 0.6725).
Landscape metrics
The PCA results served to identify which landscape metrics explained most of the variation in the patch data and helped to identify major trends between periods for each land use zone. PC1 was most heavily weighted by patch shape variability in MGR, patch size variability in SAF and patchiness in BOT. PC2 was most heavily weighted by shape complexity in MGR, SAF and BOT. PC3 was most heavily weighted by patchiness in MGR and SAF (Appendix A).
Significance tests
A two-way ANOVA comparing landscape metrics against land use zone (MGR, SAF, or BOT) and period (1972-1992 or 1993-2001 ) revealed significant differences between zones for 13 of the 16 metrics tested (Table 3) . Differences between periods were significant for 8 of the 16 metrics tested, distributed across all metric groups. Following a pattern similar to period comparisons, 10 of the 16 significant interactions between land use zone and period were found. Table 3 Two-way ANOVA significance levels comparing 16 landscape metrics against three land use zones (MGR, SAF, BOT) and two periods (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) Table 2 . * Significance at P < 0.05. * * Significance at P < 0.01. * * * Significance at P < 0.001.
The 10 metrics showing significant zone × period interactions in Table 3 were analyzed further in a one-way ANOVA to look for significant differences between individual land use zones grouped by period (Table 4) . MGR was compared to SAF and BOT for Period 1 but no significant differences were found. Since the MGR fire management program is only relevant to Period 2, MGR and SAF were grouped together as Zone 2 for Period 1. For Period 1, differences between the combined MGR-SAF and BOT were significant for 7 of the 10 metrics tested, predominantly the area and core area metrics. For Period 2, BOT differed significantly from SAF for all 10 metrics, and from MGR for 9 of the 10 metrics; MGR and SAF did not differ significantly for any metric.
The same 10 landscape metrics were analyzed in another one-way ANOVA comparing Periods 1 and 2 for each land use zone. Patch area, shape complexity Table 4 One-way ANOVA statistics comparing land use zones grouped by period for 10 landscape metrics with significant zone ×period interactions (Table 3) Table 2 . * Significance at P < 0.05. * * Significance at P < 0.01. Table 5 One-way ANOVA significance levels comparing periods grouped by land use zone for 10 landscape metrics with significant zone × period interactions (Table 3 Table 2 . * Significance at P < 0.05. * * Significance at P < 0.01. and core area metrics increased significantly in MGR, while patch size, size variability and core area metrics increased significantly in SAF. No patch metrics changed significantly in BOT (Table 5) . Box plots of five landscape metrics representing various patch characteristics illustrate that, between Periods 1 and 2, total class area, mean core area, mean patch size, patch size standard deviation, mean patch shape, and mean patch proximity exhibited the same general pattern: increases in MGR, smaller increases in SAF, and no change or decreases in BOT (Fig. 6 ).
Discussion
Burn maps
Substantial fire activity occurred in Zone 1 in 1989 and 1990 (Figs. 3 and 5) , which is interesting because these fires predate the proclamation of MGR, their coverage is extensive, and their perimeter closely corresponds to the future boundary of MGR (Fig. 3) . A plausible explanation is that in 1988, the former South African government purchased the land for fair market value from the resident South African farmers and Table 2. transferred ownership to Bophuthatswana, the largest of the quasi-independent, black homeland states established under Apartheid (Hudak, 1999b (Smit, 1990) . Rainfall in 1988 and 1989 was above average (Fig. 5) , which would have increased fine fuel loads in the subsequent 1989 and 1990 fire seasons. All of the above circumstances could have contributed to the extensive 1989 and 1990 fires.
Since 1993, most of the area burned in MGR has been from prescribed fires (1993, 1994, 1996, (1998) (1999) (2000) (2001) . Lightning caused most of the burning in MGR in 1992 and ignited small fires in 1995, 1997 and 1998 . Since SAF and BOT lack formal fire management programs, most fires outside of MGR may be attributed to accidental ignitions, arson or lightning strikes. Hudak (1999b) interviewed SAF farmers in 1996 and learned that on occasion they ignite fires.
Landscape metrics
The 16 landscape metrics initially tested (Table 2 ) captured a range of patch characteristics, and the subsequent PCAs worked well for identifying the patch characteristics of import while also reducing the dimensions of the data set to a reasonable level (Appendix A). This approach enabled a more thorough and objective determination of the landscape metrics of import (Table 3) , which would be unapparent from a simple visual evaluation of the annual burn maps.
The PCA results (Appendix A) provide information about the trends in correlations of the metrics. Since PCA most heavily weights the major axis (PC1), applying the varimax rotation made the minor axes (PC2 and PC3) more interpretable. The subsequent ANOVA applied to these metrics indicated which patch characteristics showed significant trends and thus deserve the attention of managers. While several individual metrics showed significant trends (Tables 3-5), many were highly correlated (Appendix A). For the sake of interpretation, we recommend not placing undue emphasis on any particular metric or the patch characteristic it indicates. Instead, it is prudent to take a more conservative approach by considering significant trends in several metrics across different groups as indicative of a general increase (or decrease) in landscape heterogeneity.
Fire and landscape heterogeneity
Increases in patch size, shape and proximity indices in MGR between Periods 1 and 2 appear to be due to more fires in Period 2, while no change or decreases in these same indices in BOT are associated with fire exclusion throughout the data record (Fig. 6) . These results support the first hypothesis that landscape heterogeneity is a function of fire occurrence, at least within the spatial extent and time interval of this study. Where burning increased the most (MGR), landscape heterogeneity also increased the most. Where burning increased by a lesser amount (SAF), smaller increases in landscape heterogeneity were observed. Where fire exclusion persisted (BOT), landscape heterogeneity did not change significantly. While increased burning was observed to only increase landscape heterogeneity, too much burning could conceivably decrease it, just as too little.
The relative lack of significant differences in patch characteristics between MGR and SAF, compared to the differences between MGR and BOT, or SAF and BOT (Table 4 ), suggests that landscape heterogeneity in SAF is more similar to that in MGR than BOT. This is not surprising since MGR and SAF were managed similarly during the longer of the two periods (Period 1, 1972 (Period 1, -1992 , and probably many years before 1972. Yet SAF tended to have the highest index values in Period 1 while MGR did in Period 2 (Fig. 6) , suggesting that a formal fire management program as has been applied in MGR during Period 2 can significantly enhance landscape heterogeneity in bush-encroached savanna within a decade.
Fire and land use
Burn area increased significantly only in MGR between Periods 1 and 2 (Table 5) , after establishment of the MGR fire management program in 1992. Unplanned lightning ignitions on ridges probably caused most fires during Period 1, while beginning in Period 2, areas throughout MGR with sufficient fuels were targeted for fires, which may explain the significant increase in patch shape complexity unique to MGR (Table 5) . High fine fuel loads, due to substantial late-season rains, combined with severe fire weather conditions to produce an unusually active 1996 fire season in South Africa's Kruger National Park (van Wilgen et al., 2000) . These same 1996 conditions produced the most active fire season in this study (Figs. 3 and 5) , which may partially explain why patch size and size variability in SAF were significantly higher in Period 2 relative to Period 1 (Table 5) . Unlike MGR and SAF, no landscape metrics changed significantly in fire-excluded BOT (Table 5) , where very few fires occurred (Figs. 3-5 ). Viewed as a whole, the results support the second hypothesis that fire occurrence is influenced primarily by land use practice in the study area. Guyette et al. (2002) obtained similar results in the Missouri Ozarks, where the principal factor limiting fire occurrence was anthropogenic ignitions, followed by surface fuel production, fuel fragmentation and cultural behavior.
The juxtaposition of very different land use histories in the study area made it highly advantageous for comparing the effects of land use on landscape pattern over three decades. Land use zones and periods were defined in a manner commensurate with the analysis approach, but this aggregated some of the spatial and temporal variability in environmental factors existing at smaller scales. For example rainfall, which is known to greatly influence annual fire dynamics, is extremely variable within the longer-term periods defined for this study (Fig. 5) . Conversely, the study periods were too short to capture larger-scale oscillations potentially driven by El Nino and La Nina events, for example. Importantly, large fires may have occurred in years for which Landsat images were unavailable, particularly the high rainfall years of the mid-1970s. Thus it must be cautioned that the narrow spatial and temporal scope of this analysis constrained the ability to capture potentially important trends due to climate variability.
Conclusion
Fire regime and vegetation patterns are related through mutual feedbacks (Whelan, 1995; Keane et al., 2002) . In the South African portion of the study area where fire occurrence is higher, the patchiness of fire scars is increasing, which may indicate diversification in vegetation pattern. In the Botswanan portion of the study area where fires are excluded, vegetation pattern may be stagnant. Humans exert tremendous influence on fire regimes in semi-arid savannas and other systems (Heyerdahl et al., 2001) . Strong feedbacks between fire regime and landscape composition can drive landscape change (Perry and Enright, 2002) .
Global warming has sparked growing interest in the consequences of fire on vegetation (Bond, 1997) . Effects of fire and grazing on vegetation pattern, and succession with respect to maintaining community diversity, are concerns of researchers, managers, and conservation planners (Turner et al., 1994; Richards et al., 1999; Fairbanks and Benn, 2000; . In conservation areas, promoting spatially and temporally variable fire regimes may be the best strategy for conserving biotic diversity (Mentis and Bailey, 1990; Kutiel, 1994) . A patch-mosaic burning system may be the most effective strategy for promoting landscape heterogeneity and therefore an increase in biotic diversity (Parr and Brockett, 1999; Brockett et al., 2001) .
Exceptional physical and biological diversity in southern African savannas (Scholes, 1997; Fairbanks, 2000) make this an ideal region for studying interactions between climate, fire, biota (Bond, 1997) and other natural and human factors. It is important to study these interactions at the landscape level, where spatial and temporal variability in fire and vegetation patterns can be best observed (Brockett et al., 2001; Morgan et al., 2001; Keane et al., 2002) and then used to inform land managers (Landres et al., 1999; Parr and Brockett, 1999) . This requires development of spatial models (McCarthy and Cary, 2002) that explore the consequences of alternative fire regimes on vegetation pattern and process (Rupp et al., 2000a; Berjak and Hearne, 2002; Keane et al., 2002) and simulate climate stochasticity. In future research in conjunction with land managers, empirical data and spatially explicit, stochastic models will be used to explore interactions between climate, land form, vegetation, fire, herbivory and land use. (post-1972 ↑, post-1992 ↓, post-1997 ↑) .
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